This study investigated the association between single-nucleotide polymorphisms (SNPs; rs3808607 and rs1125226) within the CYP7A1 promoter and hypertension susceptibility in a Han Chinese population. From 2003 through 2006, a populationbased case-control study was performed in a cohort of 1187 randomly selected Han Chinese subjects. A sib-pair study for a transmission disequilibrium test analysis was carried out in 76 hypertensive (HT) families (n¼312) from northeastern Liaoning province. SNPs were detected using real-time PCR. No significant differences were found in the genotype or allele frequencies of either SNP (P40.05), with no excessive allele sharing. For rs3808607, the frequency of the AA genotype in obese hypertensive patients was 31.91%, significantly higher than in normotensive (NT) subjects (12.73%; odds ratio (OR)¼3.21, 95% confidence interval (CI)¼1.35-7.66). For rs3808607, the AA genotype frequency was significantly higher in obese male HT subjects (27.87%) than in matched NTs (7.41%; OR¼4.83, 95% CI¼1.03-22.65). After adjustment for environmental risk factors in obese participants, the AA genotype was associated with hypertension (OR¼3.395, 95% CI¼1. 412-8.162). Among subjects with body mass index X28 kg m À2 , the HT and NT groups had significantly different frequencies of Hap I (C/C) and Hap IV (A/A). The frequencies of rs3808607 alleles in the CYP7A1 gene differed significantly between obese HT and NT men. Haplotypes I and IV were associated with hypertension in obese participants.
INTRODUCTION
The population of northeastern China has an age-standardized prevalence of hypertension of almost 35%, which has made it an ideal region for the study of this disease. 1 Several genetic cohort studies have been performed in this population, and associations have been reported between the likelihood of developing hypertension and single-nucleotide polymorphisms (SNPs) within CYP4F2 (À421G/C) 2 and NOS2 (À1026C/A). 3 Hypertension mostly arises as a complex quantitative trait that is affected by varying combinations of genetic and environmental factors; the role of each gene is relatively minor, so many additional studies on susceptibility genes are required.
Hypertension rarely occurs in the absence of other metabolic disturbances. Dyslipidemia is one of the earliest and most frequent metabolic disturbances in hypertensive (HT) individuals, occurring concomitantly in over one-third of patients with hypertension. The liver has a central role in the regulation and maintenance of wholebody sterol balance. Conversion of cholesterol into bile acids in the liver, together with the secretion of cholesterol into bile, is the major quantitative pathway for eliminating cholesterol from the body. 4 The initial stage of this process is catalyzed by the rate-limiting enzyme in the catabolism of cholesterol, cholesterol 7-hydroxylase (CYP7A1), 4 which is a cytochrome P-450 enzyme. In the study by Toshio et al., 5 the expression of CYP7A1 mRNA was decreased in spontaneously HT hyperlipidemic rats. Furthermore, in our study population, intake of animal oil and blood lipid metabolism disorders were independent risk factors for hypertension, according to the preliminary results of this study. Therefore, we selected CYP7A1 as a candidate gene for hypertension in our study population.
The CYP7A1 gene spans approximately 10 kb and contains six exons, five introns, one 5¢-untranslated region and one 3¢-untranslated region, and maps onto chromosome 8q11. 6 Several studies have been performed to assess the association of CYP7A1 with diseases related to lipid metabolism. Most studies concerning genetic variations in the CYP7A1 gene have focused on an A-C SNP in the promoter region, which is at position À278 from the translation initiation codon or position À204 from the transcriptional start site. The results appear to be conflicting as to whether this polymorphism is significantly associated with, for example, plasma lipid levels, 7-9 risk of arteriosclerosis 10 and gallstone disease [11] [12] [13] in adults and children from Caucasian and Asian populations. Some intervention trials have suggested that the polymorphism has an important role in the metabolism of lipids. 14, 15 The HapMap linkage disequilibrium patterns and haplotype structure can serve as a reference to select haplotype tagging SNPs (htSNPs) for association studies. Various degrees of linkage disequilibrium exist across different regions in different populations. As inferred from public HapMap data and analyzed by Nakamoto et al., 16 rs3808607 (CYP7A1 À204C/A) and rs1125226 (CYP7A1 À6791C/A) are likely to be the relevant htSNPs in the Han Chinese population in Beijing, China (CHB).
Therefore, rs3808607 and rs1125226 were selected in this study as tag variants to assess the genotypes of an extensive population in our study. To the best of our knowledge, no studies, including the genomewide association studies, have investigated whether these two polymorphisms are associated with the risk of hypertension. We aimed to identify hypertension risk haplotypes of the CYP7A1 regulatory region and estimate their impact on gene transcription, as well as their interaction with environmental factors.
METHODS

Subjects
From 2003 through 2006, a population-based case-control study was performed with 1187 subjects of Han Chinese origin, who were selected by random sampling in the northeastern region of Liaoning province, China. Additionally, a family-based study was conducted, consisting of 76 families with 312 members; each family had at least two offspring and one parent with hypertension. For all the individuals, blood pressure (BP) was measured three separate times on the right arm of seated subjects, with at least a 5-min rest between measurements; the individual average was calculated from these three measurements. Hypertension was defined as an average systolic BP X140 mm Hg and/or an average diastolic BP X90 mm Hg; subjects with diabetes mellitus, renal disease or secondary hypertension, as diagnosed by medical specialists, were excluded from the study. Normotension was defined as BPo140/90 mm Hg with no history of cardiovascular disease. Trained research staff members administered a standardized questionnaire that recorded age, gender, smoking habits, alcohol consumption, and body height and weight measurements. All subjects underwent routine laboratory tests, including serum total cholesterol, triglyceride (TG), high-density lipoprotein cholesterol and low-density lipoprotein cholesterol. The characteristics of the subjects are listed in Table 1 . Subgroups were divided according to their body mass index (BMI): 17 low body weight, BMI o18.5 kg m À2 ; normal body weight, BMI 18.5-23.9 kg m À2 ; overweight, BMI 24.0-27.9 kg m À2 ; obese, BMIX28 kg m À2 . Ethical approval and informed consent were obtained from the local ethics committee and from all subjects prior to their inclusion into the study.
Genotyping of CYP7A1
DNA was isolated from whole blood with the use of FlexiGene DNA Kits (QIAgen, Hilden, Germany). The patients and the controls were genotyped for the rs3808607 and rs1125226 variants by a TaqMan Assay with a 7500 HT RealTime PCR System (Applied Biosystems, Foster City, CA, USA); all of the reagents and synthesized probes were purchased from Applied Biosystems (C_8893122_10 and C_27492121_20). Real-time PCR was performed using 12.5 ml TaqMan 2Â universal master mix, 0.625 ml primer probe, 10.875 ml DNase-free water and 1 ml DNA sample, for a total volume of 25 ml per single reaction in a 96-well plate. In each assay run, DNase-free water was used as a non-template control, and DNA of a known genotype was used as a positive control. Assay conditions were 2 min at 501C, 10 min at 951C, 40 cycles of 921C for 15 s and 601C for 1 min. The post-assay analysis was performed using SDS software (Applied Biosystems). The samples of genotyped CC, AA and CA were selected randomly and confirmed by sequencing (3100 Genetic Analyzer, Applied Biosystems).
Statistical analyses
Data were analyzed by SPSS, version 13.0, for Windows (SPSS, Chicago, IL, USA). The Hardy-Weinberg equilibrium was assessed with the use of w 2 -tests. The differences in clinical characteristics between HTs and normotensives (NTs) were assessed by a two-sample t-test for quantitative variables and a w 2 -test for categorical variables. Allele and genotype frequencies between the HT and normotensive (NT) groups were compared using the w 2 -test. Multivariate logistic regression analyses were used to assess the relationship between each polymorphism and hypertension while considering the effects of other predictor variables. The probability for stepwise entry was 0.05 and the probability for stepwise removal was 0.1. ORs and 95% confidence intervals (CIs) were computed from the aforementioned regression parameters. Adjusted ORs with 95% CIs from the logistic regression analyses were used to estimate the relative risk of hypertension associated with genotype. To determine the effect of rs3808607 on BP variation in obesity, each genotype was assessed with oneway analysis of variance and least significant difference (LSD) analysis A linkage analysis in pedigrees was performed with the TDT-sTDT (transmission Table 1 Demographic parameters for HT and NT individuals in the case-control and family-based studies 
RESULTS
Individual characteristics
In the population-based study, as shown in Table 1 , age and alcohol drinking were significantly different between HT and NT individuals (P¼0.042 and 0.001, respectively). In the population-based study, high-density lipoprotein and serum Na + were lower, and BMI, total cholesterol, TG and low-density lipoprotein were higher among the HT individuals than the corresponding NT individuals. As expected, systolic BP and diastolic BP were both significantly higher in HT than in NT (Po0.0001 for both). Similar results were also found in the family-based study, which indicated that male gender, smoking and higher total cholesterol, TG and low-density lipoprotein, but not higher BMI or lower high-density lipoprotein, were risk factors for hypertension.
Association of CYP7A1 SNPs with hypertension in the populationbased and family-based case-control studies Genotype distributions and allele frequencies for the two SNPs tested are shown in Table 2 . The genotype frequencies in both studies were in Hardy-Weinberg equilibrium (P40.05). There were no significant differences in the distributions of rs3808607 or rs1125226 genotypes or alleles between HT and NT subjects in either the population-based or family-based study. In the population-based study, the minor allele was C for rs3808607 (frequency: 45.2% in the NTs; 46.6% in the HTs); for rs1125226, the minor allele was A (frequency: 39.2% in the NTs; 37.4% in the HTs). A similar result was found in the family-based study. Unifactorial analyses showed that there were significant differences in BMI in the population-based study between the HTs and NTs (Table 1) . Therefore, the data were analyzed in a stratified manner according to BMI. There were no significant differences found in this analysis for rs1125226. However, for rs3808607 (Table 3) , the frequency of genotype AA in HT subjects (31.91%) was significantly higher than that in NTs (12.73%; odds ratio (OR)¼3.21, 95% CI¼1.35-7.66) in the obese group. In the obese group, a further stratification analysis with regard to sex indicated that the frequency of genotype AA in male HT subjects (27.87%) was significantly higher than the frequency in male NTs (7.41%; OR¼4.83, 95% CI¼1.03-22.65). In the obese group, based on the non-conditional logistic regression model, the AA genotype of rs3808607 was a significant risk predictor for hypertension (OR¼3.395, 95% CI¼1.412-8.162, P¼0.006), after adjusting for those hypertension risk factors, such as age and gender, that were significantly different between the two groups ( Table 1 ). The rs1125226 variant data were forced into the model but ultimately had to be excluded from it. Meanwhile, a higher TG level (OR¼1.217, 95% CI¼0.997-1.486, P¼0.054) was also an independent risk predictor (Table 4) .
Subsequently, data were analyzed to determine the effect of rs3808607 on BP variation in obesity (Table 5 ). In all of the obese subjects, homozygous AA carriers had significantly higher systolic BP and diastolic BP values than heterozygous and homozygous CC carriers. However, for all other parameters, there were no significant differences among homozygous AA, CC and heterozygous carriers.
A TDT-sTDT analysis was performed in the HT pedigree. For rs3808607, the w 2 -score of transmission disequilibrium test (TDT) and the Z-score of sTDT were 1.485 and 0.357, respectively (P40.05), and the combined Z-score was 0.589 (P40.05). For rs1125226, the w 2 -score of TDT and the Z-score of sTDT were 0.021 and À0.165, respectively (P40.05), and the combined Z-score was À0.052 (P40.05). These results show that no genotype for either SNP was transmitted preferentially within a pedigree (P40.05).
Haplotype analysis to assess their association with hypertension
To investigate the individual and combined effects of the interactions of haplotypes in hypertension, the haplotypes were constructed according to the two SNPs arranged in the order of the rs3808607 and rs1125226 variants. After analysis by Phase software, four types of haplotypes were possible in our study population: Hap I (C/C), Hap II (A/C), Hap III (C/A) and Hap IV (A/A), with frequencies of 0.428, 0.190, 0.031 and 0.351, respectively. After w 2 -analysis, there were no significant differences between the HT group and NT group with regard to the frequency of any of the four haplotypes. After stratified analysis in terms of BMI, there were significant differences between the HT group and NT group for Hap I and Hap IV when the BMI of the subject was greater than 28 (see Table 6 ; only the obese group is shown CYP7A1 is associated with hypertension in obesity L Fu et al Table 3 The stratified analysis by BMI and sex in population-based study for the rs3808607 variant because of the significant difference in this cohort), which suggests that the A allele of rs3808607 is an independent risk factor for hypertension in obesity.
DISCUSSION
Hypertension is usually accompanied by dyslipidemia, but a causal relationship between them has not been elucidated. The enzyme encoded by the CYP7A1 gene serves a vital role in the maintenance of cholesterol homeostasis. In the study by Cooper et al., 20 deletion of the segment from À213 to À91 caused a 40% reduction in promoter activity, which suggests that a positive element was removed. The crucial location of this polymorphism indicates that À204A/C might interact with these regulatory elements and can modulate the transcriptional activity of CYP7A1. We studied the rs3808607 (À204A/C) and rs1125226 (À6791C/A) SNPs in the CYP7A1 promoter and did not observe any significant differences to suggest an association between them and hypertension in either a general populationbased or family-based case-control study. Conflicting results exist from many studies with regard to À204A/C. The frequency of the alleles of this polymorphism may also differ between different subsets of ethnically related populations. In one of the study conducted in Chinese populations, the minor allele was A, with a frequency of approximately 17.8%; 21 in another population, the minor allele was C, with a frequency of approximately 43.27%; 11 these results are consistent with results from studies involving Caucasians. 7 In our population, the minor allele was C, with a frequency of 46.6%, which is also consistent with previous results involving Caucasians. In our study, after stratified analysis using BMI as a confounding factor, a significant association was observed between the À204A/C SNP and hypertension in the obese group; the AA genotype was a risk factor for hypertension. Further stratified analysis with regard to sex showed that AA was still a risk factor for hypertension in obese men, but was not a risk factor in obese women. This result appears to be similar to that of Couture et al., 7 who found a small but statistically significant association between the À204A/C polymorphism and plasma low-density lipoprotein concentration in men, but not in women. This indicates that sex and excess body fat might be critical factors in the development of hypertension. Visceral obesity and insulin resistance have a key role in the etiology of hypertension. 22 Excessive body fat might be detrimental not only because of the metabolic implications but also because adipose tissue seems to be active in the synthesis and release of cytokine-like molecules that may influence insulin action, endothelial function and inflammatory responses. 23 Our results show that the CYP7A1 À204A/C SNP was associated with hypertension in obese men, and that the CYP7A1 À204AA SNP could be an independent risk factor for hypertension in the presence of increased TG in obese subjects. It has been suggested that a number of regulatory elements responsive to effectors, such as insulin, glucocorticoids and thyroid hormone, reside within the region that spans from À764 to +46 of the human CYP7A1 promoter. 18 Therefore, we hypothesized that this polymorphism might change the binding site of some regulatory elements that react to insulin or other hormones. However, in the study by Abrahamsson et al., 24 which used transient transfection experiments, no evidence was found for any difference between the À204C and À204A alleles. One possible explanation for this result is that these two alleles influence the activity of CYP7A1 in the presence of stimulation by hormones or inflammatory factors, but not in the resting physiological state. A second explanation proposed by Abrahamsson et al. is that the À204A/C SNP is in linkage disequilibrium with an as yet unidentified, functional polymorphism in the CYP7A1 gene. Indeed, cholesterol and dietary fats modulate CYP7A1 activity and gene expression. 25 However, the exact mechanism by which different fatty acids can modulate CYP7A1 gene expression and the activity of CYP7A1 remains to be elucidated.
Given the poor representation of single SNPs, especially for the CYP7A1 À204A/C site, haplotype analysis would be more stable and helpful for the association analysis. Recently, Nakamoto et al. 16 investigated the haplotype structure of the CYP7A1 gene, which shows differences in linkage disequilibrium blocks and haplotype frequencies between subjects of different ethnic origin. On the basis of their results and our analysis by HapMap in CHB, the rs1125226 variant was selected as htSNP and was analyzed by haplotype analysis together with rs3808607. To our knowledge, this was the first time that rs1125226 has been genotyped for association and haplotype analysis for the relationship between CYP7A1 and any disease. The results suggest that Hap I and Hap IV were the most common haplotypes, and they were associated with hypertension in obese individuals; a combination of A/A alleles at both the rs3808607 and rs1125226 SNP sites was a risk factor for hypertension, which was consistent with the individual SNP analysis in our population-based case-control study. However, it is still unknown whether rs1125226 is a functional site or a marker, and additional studies are necessary to confirm this issue.
This study provides additional evidence that overweight and obesity are associated with an increasing risk of hypertension in the Han Chinese population. As body size is one of the few risk factors for chronic and complicated diseases, such as hypertension, which can be modified throughout life, health promotion programs should focus on helping individuals to avoid becoming overweight or obese to prevent chronic diseases in all countries, including China.
In summary, to the best of our knowledge, this is the first report of the association of CYP7A1 gene polymorphisms with the risk of hypertension. Although, no significant association was observed in the general population, there were significant differences between allele frequencies of CYP7A1 -204A/C in HT and NT subjects in obese males. Hap I and Hap IV were associated with hypertension in obese individuals. With rising levels of obesity worldwide, it is critical to consider the potentially deleterious impact of hypertension and dyslipidemia. Moreover, because of limited sample size in the obese population in our study and the hypothesis that the polymorphism might change the binding site of some regulatory elements that could respond to insulin or other hormones, studies that combine larger sample populations with basic functional biological experiments are necessary.
